Data wire cable runs are a significant presence on the exterior of the International Space Station (ISS), and continued ISS mission support requires detailed assessment of cables due to micrometeoroid and orbit debris (MMOD) impact. These data wire cables are twisted-pair cables consisting of two 22AWG stranded conductors and fillers inside a tight fitting braided copper shield. The copper shield and its contents are covered with a jacket that has a nominal outer diameter of 3.76mm and beta-cloth tape. The ISS engineering community has identified two loss-of-function mechanisms for these cables: open circuits due to severed conductors within the cable, and short circuits due to contact between conductors or grounded components. As these data cables are low power systems, short circuits are not expected to burn away the contact, so both open and short circuits are considered permanent loss-of-function for the cable. A total of ninety-seven impact experiments have been performed into these cables to develop a statistical model for the failure of these cables to be used in reliability studies. The experimental work has yielded cumulative distribution functions for these cables for steel and aluminum components of the orbital debris environment at representative speeds and impact obliquities.
ABSTRACT
Data wire cable runs are a significant presence on the exterior of the International Space Station (ISS), and continued ISS mission support requires detailed assessment of cables due to micrometeoroid and orbit debris (MMOD) impact. These data wire cables are twisted-pair cables consisting of two 22AWG stranded conductors and fillers inside a tight fitting braided copper shield. The copper shield and its contents are covered with a jacket that has a nominal outer diameter of 3.76mm and beta-cloth tape. The ISS engineering community has identified two loss-of-function mechanisms for these cables: open circuits due to severed conductors within the cable, and short circuits due to contact between conductors or grounded components. As these data cables are low power systems, short circuits are not expected to burn away the contact, so both open and short circuits are considered permanent loss-of-function for the cable. A total of ninety-seven impact experiments have been performed into these cables to develop a statistical model for the failure of these cables to be used in reliability studies. The experimental work has yielded cumulative distribution functions for these cables for steel and aluminum components of the orbital debris environment at representative speeds and impact obliquities. 
NOMENCLATURE

1.
A previous test conducted in 1995 (Test #A2372) resulted in a shorted conductor [4] under an impact from a 0.4mm Al 2017-T4 projectile travelling approximately 7km/s, and has since dominated reliability calculations for the system [5] . Since this early design phase, limited additional research has focused on this cable with heavier shielding [6] , and none in the flight-like configuration for the ISS. One purpose of this study is to address the limitations of these early works for the flight-like configuration and to quantify how cable internal geometry affects the critical particle size. In addition, the study has sought to understand if there is a difference in damage to the cable if it is backed by a structural element as compared to an end supported configuration. As can be seen in Fig. 1 , both of these configurations are present in a typical cable run through a truss on the ISS. In addition to these objectives, this study also included high density _____________ 
METHODS
The MIL-STD-1553 data cables on ISS structures are both directly supported by structural elements and unsupported runs between them; therefore, both supporting schemes have been considered [8] . This effort used wo types of experimental articles to reflect each scheme with characteristic examples shown in Fig To match the on-orbit configuration the wire has been wrapped with 25.4mm wide strips of beta-cloth tape (areal density 0.029g/cm 2 ) using a 50% overwrap. The 50% overwrap means that the cable has two layers of beta-cloth over its length; although, in the actual experimental article setup, the coverage is sometimes slightly higher. The 50% overwrap specification requires that each twist overlap the previous layer by 12.7mm perpendicular to the length of the wrap strip.
RESULTS
Typical results of four experiments that resulted in a short of the twisted-pair data cables are given in Fig. 4 for normal to the cable and 45° to normal to the cable. The impact obliquity is relative to the plane that contains the length of the cable and the cross-product of the projectile impact vector and the cable axis (vertical in Fig. 2a and   2c ). This study has considered both spherical aluminum and steel projectiles at impact speeds of 7.0±0.3km/s [8] . Figure 4 includes an optical micrograph and the corresponding CT-radiograph of HITF15035 in Fig. 4a and Fig. 4b , respectively. As can be seen in Fig. 4a , much of the shielding has been exposed by the impact event, and that the shielding came into contact with one of the conductors resulting in a short as seen in 
DISCUSSION
Due to the non-uniformity of internal materials, a pronounced variability for the outcome has occurred with the same particle size resulting in both closed and short circuits depending on the impact conditions. To illustrate this, the count of particles that resulted in an intact cable for a given particle size bin is shown in Fig. 5 as an orange bar for each impact condition. Similarly, the count of particles that resulted in a failure, short or open conductor, for a given particle bin are shown as a stacked blue bar. The combined height of the two bars is the total number of impacts considered for a given impact condition, and this total count includes all of the experiments performed under this study as well as the experiments documented in Ref. 4 . As can be seen, the count of intact results generally decreases with impact particle size, and the count of failed results generally increases with impact particle size.
A total of twenty-five impact experiments using a 0.6 mm Al2017 at 7 km/s normal to the cable have been performed to understand the influence of the mounting system. experiments, five of the experiments resulted in a failed cable. As such, the probability of failing the cable is approximately three times higher for the unsupported cable as compared to the supported cable; although, implicit in this observation is the assumption that neither configuration experienced biased impact conditions (i.e. variance in impact speed and location is random over the set of experiments).
For the fifteen impact experiments using a 0.44 mm SS440C at 7 km/s normal to the cable, five supported experiments resulted in three failed cables. This failure rate is similar to the ten unsupported experiments with seven failed cables. As the mounting observations of steel didn't reverse the findings with aluminum, subsequent experiments focused on the unsupported cable configuration; however, the mounting architecture continued to be explored at lower resolution for other impact conditions.
As the motivation of this work has been to not only identify configuration dependence but to also develop probabilistic models for use in assessments, a model for the functional dependence of probability of failure based on particle size, material and obliquity has been developed. To this end, the cumulative failure count to a given particle diameter has been divided by the total cumulative survival count of experiments to arrive at a failure probability given by,
where C and S are the cumulative count of failures from smallest particle bin to the largest and survivors from largest particle bin to the smallest, respectively. As the cumulative count of failure goes to zero for small particle diameters, this failure probability goes to zero for small particles. Similarly, the cumulative count of survivors goes to zero for large particle diameters; hence, the failure probability goes to unity for large particles.
This failure probability is also shown in Fig. 5 as the data points, and they correspond to the secondary ordinate. To model this failure probability, a nonlinear regression to a logistic function with the independent variable of diameter, , has been performed. The failure probability, , is given by:
The two fitting parameters are the diameter at 50% probability of failure, ̅ , and a diameter scale length, . The values for these coefficients for the two projectile materials and the two impact obliquities considered are given in Table I . The mean standard error for the coefficients based on the quality of fit is included with the best fit parameters. This model is also shown on Fig. 5 with the best fit curve and associated uncertainty estimates. As this model is a fit, it approaches the two limits of probability for small and large particles and never fully reaches them. As the normal aluminum impact experiments had a large data set, the uncertainty associated with the parameters are low; conversely, the smaller data set for the oblique aluminum impact experiments resulted in a larger model spread. Owing to the limits of the dataset, the normal impact steel and oblique aluminum models are extrapolated outside of the dataset, which results in additional systematic uncertainty. cumulative distribution functions for these cables for steel and aluminum components of the orbital debris environment at a representative impact speed and obliquities for ISS operation. It has been found that while during the design phase a failure due to shorting occurred for a 0.4mm particle, a much more exhaustive look shows that more than a 50% larger particle is needed to achieve a 50% failure probability. This demonstrates that it is likely that the cables are more robust than was initially assumed during the vehicle design [5] . Additionally, it has been considered and found that an unsupported cable has a higher probability of failing than a supported cable, and as such, the majority of the obtained data from this study used that configuration. While the scope of the experimental work is significant and touched many areas of concern for the cable's continued operation, some impact conditions have been left unexplored. Most notable among the dataset insufficiencies is the lack of observations to check the impact speed dependence on the performance of the cable.
In spite of the large set of impact experiments, the breadth of variability in a cable and the many factors in the MMOD environment definition leaves room for further exploration. Among the possibilities are impact speed variation and extending impact obliquity assessments. Additionally, as it is likely that other impacting materials and shapes are needed for full reliability assessments, these parameters have received limited variation here and may need to be explored in more depth.
